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Motivation
• Combination	  of	  two	  methods	  may	  increase	  the	  freedom	  of	  design
• Integration	  in	  existing	  tools	  is	  possible
• Profit	  from	  advantages	  of	  a	  contact-­‐free	  method
• Design	  of	  tailored	  processes	  for	  complicate	  forming	  tasks	  	  
• Combination	  of	  fast	  and	  quasi-­‐static	  methods	  yields	  forming	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
beyond	  quasi	  static	  forming	  limits
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Experimental results
Material: EN A-5083
On	  the	  quality	  of	  simulation	  results
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Simulated with LS-DYNA
Corresponding strain rates: 1000 1/s 0.1 1/s
Evolution	  of	  strains
FLCs by
Need	  for	  mathematical	  optimization
•Mathematical	  Optimization	  can	  generally	  be	  used	  to	  solve	  
identification	  problems,	  e.g.,	  to	  identify
• process	  parameters	  that	  lead	  to	  a	  process	  with	  favorable	  
properties	  (e.g.,	  an	  extension	  of	  forming	  limits)













































One	  model	  for	  all	  stages
With a tress like tensor Y derived from the second 




























Identification	  of	  the	  material	  model









































Joule heating Spatial distribution 
of conductivity
Mechanical model 
Eddy current equation for the 
magnetic vector potential A
Electric scalar potential 
for Coloumb gauge
The	  coupled	  model











Either in the full area of interest or only in the conducting 
material, while boundary-elements are used in the air-gap 






• Comparison	   to	  stress-­‐strain	  curves	  
(with	  evolution	  model	   for	  damage	  
threshold)
• Application	   to	  complex	  situation	  
(cup	  drawing)
Simulation: Yalin Kiliclar with LS-DYNA
Combined	  forming
of	  	  a	  round cup	  



























Example:	  identification	  of	  
optimum	  current
• Only	  the	  first	  half	  wave	  is	  relevant	  for	  forming
• Remaining	  energy	  absorbed	  by	  coils
• Try	  novel	  approach	  to	  reduce	  wear	  and	  energy	  consumption
→	  Double	  exponential	  pulse	  as	  mathematical	  model
Example:	  identification	  of	  
optimum	  current
• Maximize the radius at	  bottom edge
→	  Maximize the first principle strain
• Avoid damage
→	  Constrain the damage variable	  in	  all	  
elements
• Technically reasonable current
→	  Constrain the current at	  each time	  
step (here:	  125	  000	  A)
Example:	  identification	  of	  
optimum	  current
Optimization Method:














yield a sufficiently 
good result






































yield a sufficiently 
good result
process model
Comparison	  of	  the	  methods
• Scheme I allows for a black-box-use of solver and optimizer
• Scheme II requires internal data of the simulation code
• Scheme II is much faster
• Scheme II has not been implemented for the complete problem
• Scheme II produces a huge number of constraints, but simple cost function
Computation time for 
scheme I and II for a 
simple mechanical 
identification problem
Optimization Method: IPOPT as implemented by Wächter und Biegler
Algorithmic	  aspects
• Practically,	  the	  discrete	  system	  of	  equations	  with	  the	  overall	  
stiffness-­‐matrix	  of	  the	  finite-­‐element	  model	  as	  system	  matrix	  is	  not	  
solved,	  but	  given	  to	  the	  optimizing	  algorithm	  as	  constraints
• Also,	  nonlinearities	  can	  be	  handled	  by	  the	  optimization	  algorithm
• A	  large	  number	  of	  constraints	  can	  be	  treated,	  since	  only	  a	  few	  of	  
them	  is	  active	  at	  a	  certain	  stage	  of	  the	  algorithmic	  procedure
• Active	  set	  strategies:	  Only	  the	  active	  constraints	  need	  consideration
• Use	  of	  simple	  auxiliary	  problems	  in	  certain	  areas	  of	  the	  parameter	  








• The	  benefits	  of	  high	  speed	  forming	  as	  part	  of	  a	  process	  chain	  can	  be	  
increased	  by	  simulation	  based	  method	  planning
• Virtual	  planning	  of	  complicated	  processes	  can	  efficiently	  be	  
performed	  by	  a	  full	  integration	  of	  the	  simulated	  model	  into	  the	  
optimization	  framework	  via	  restrictions	  – however,	  then	  the	  
simulation	  tool	  cannot	  be	  used	  as	  a	  black-­‐box	  solver	  anymore
• Optimization	  algorithms	  that	  can	  cope	  with	  a	  high	  number	  of	  
constraints	  are	  available
•Material	  optimization	  can	  be	  treated	  with	  the	  same	  algorithm
• Vision:	  standardized	  computer	  software	  for	  design	  problems	  
(inverse	  problems)	  
